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Background of the Invention 

This invention relates to the generation of electrical power from natural 
sources of energy, e.g., ocean waves, and particularly to the protection of the 
power generating system during conditions of excessively high levels of input 
energy, e.g., during ocean storms, while still operating the system for producing 
power. 

One technique for protecting a power generating system during excessively 
high levels of input energy is simply to shut the system down; e.g., submerge a 
floating system normally responsive to the passage of ocean waves sufficiently 
deeply to be isolated from the surface storm conditions. A problem with this, 
however, is that power production is lost while the system is shut down. 

Solutions are known where the power generating systems are only partially 
shut down; e.g., a system normally floating freely on the surface of an ocean is 
submerged beneath the surface but at a depth still responsive to the over-passing 
waves. Generally, however, such partial shut down solutions are complex and 
relatively slow operating. 

The present invention provides a protection arrangement which is simple, 
inexpensive and quickly responsive to changing circumstances. 




Summary of the Invention 

In a power generating system using an electrical generator for generating 
electrical output power from the system, protection against excessive input 
^^^rgy levels is obtained by increasing the current output from the generator to 
an amount greater than that would ^'normally" otherwise be generated at the 
generator output in response to the increased energy input. The higher than 
normal output current changes the system operating efficiency and increases the 
mechanical impedance of the system to a level higher than would be present if the 
"normal" output current were being generated. The higher system mechanical 
impedance thus '^stiffens'' the system against the increased input energy, thus 
preventing for example, excessively high generator speeds of rotation. The 
system, while now operating at a less than optimum operating efficiency, 
continues to generate power* 

Description of the Drawing 

The sole drawing figure is a schematic illustration of a power generating 
system in accordance with the invention. 

Description of Preferred Embodiments of the Invention 

With reference to the drawing, a power generating system is illustrated for 
converting, by way of one example of use of the invention, energy contained in 
waves on the surface of an ocean to useful electrical power. Many such systems 
are known. Herein, quite simply, a float 10 vertically oscillates in response to 
passing waves for driving a hydraulic cylinder 12 for pressurizing a fluid for 
driving a hydraulic motor 14 for driving an electrical generator 16 for 



generating electrical energy for transfer to an electrical load 18, e.g., an ax. to 
d.c. rectifier for charging a storage battery. 

Normally, the problem is to maximize the power output from the system, 
and the system is designed for operation at maximum possible efficiency. 

As known > vairious energy converters, such as ocean wave and wind and 
water flow energy converters operate most efficiently when they are driving a 
power generating system whose impedance is matched to the configuration of the 
energy converter, and to the natural energy level present. The impedance can be 
thought of as the ratio of the force required to drive a system to the velocity 
produced in the driven system. A low impedance system will move rapidly when 
a small force is applied, whereas a high impedance, or stiff, system will move 
slowly even when a large force is applied. The power delivered to a system is the 
product of force and velocity (e.g., Newtons times meters per second (Nm/s) 
equals Watts of power). Drive systems for natural energy sources are normally 
designed and controlled to produce the maximum product of force and velocity 
delivered as power from the entire system* 

During times of storms or other events, there can be very large amounts of 
natural energy impinging on a wave or flow energy converter. When this high 
natural energy is converted to mechanical energy, the system can be damaged or 
destroyed. For example, a piston with a physically defined stroke can be driven 
through its end stops, or a turbine can be driven fast enough that it is structurally 
damaged, or that its attached generator produces voltages that exceed the linuts of 
the generator or its circuitry. 

^4^^ This disclosed innovation prevents system damage due to storms, while still 
producing power, by adjusting the impedance of the system from the optimum \ 
system efficiency values to\high levels that impede the production of large A 



motions or %)eeds. The technique for system impedance adjustment is to vary the 
electrical loaM of the electric power generator. These higher levels of system 
\ impedance doVot just absorb the natural energy less efficiently, they greatly 
C/ reduce the con^rsion efficiency of the natural energy converter. This reduction 
in natural energy V)nvcrsion efficiency can easily be a factor of ten. This greatly 
reduces the level ofSnechanical energy delivered to the drive system and prevents 
damage. This disclosed system is intelligent and only reduces the overly high 
energy available to accep^ble levels while continuing to generate useful power. 

The electric power generated by an electromagnetic generator is comprised 
of volts (potential) and amps (current). The product of the voltage times the 
amperage is the power in Watts (P ^ VxA). Thus, 100 Watts of power could be 
comprised of 100 volts times 1 amp, or 1 volt times 100 amps. With 
electromagnetic generators, the voltage produced is directly related to the 
generator's speed of rotation. The amount of current that can be produced at that 
voltage is directly related to the torque applied to the generator's shaft. These 
properties provide the opportunity for the generator's electronic circuitry to 
control the generator's mechanical impedance as seen at its drive shaft. As an 
example* assume a generator is being driven with a shaft speed of 5 Hert^; (Hz), 
and is producing 100 volts while 1 amp is being drawn from the generator by its 
power circuitry. The generator is producing 100 Watts. Hie equation for 
mechanical power in a rotary device is P - 2 Tf, where: 

P = mechanical power in Watts 

T =i the torque applied to the shaft in Nm 

f = frequency of shaft rotation in Hz 

In this case, 100 = 2 T5, and therefore the torque required at the shaft is at 
least T = 3.18 Nm. The reason that the term *'at leasf ' is used is that a generator 
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is not 100% efficient in converting torque into electrical current. However, the 
torque and current are directly related in a particular generator operating under 
particular conditions, and the principles of operation herein disclosed remain true 
for all typical generators- Therefore* in the present illustrative example, it is 
accepted that the torque- to-current coefficient of the generator is T = 3.18 
Nm/amp. 

In this exan\p]e, if the power electronics circuit begins to draw 2 amps 
from the generator, the immediate power produced would be 200 Watts. If the 
natural energy source is providing sufficient energy, the generator speed can 
remain at 5 Hz, the torque input will be 6.36 Nm> and the power generated will 
remain at 200 Watts. This situation is good from an economic point of view, but 
does not provide over- stroke protection. If the power electronics circuit begins 
to draw 3 amps from the generator, the immediate power produced would be 300 
Watts and the torque required would be T 3x3.18 = 9.54 Nm. If the natural 
energy source is not providing sufficient energy to produce this torque, the 
generator speed cannot remain at 5 Hz. Assume, for example, that the speed 
decreases to 4 Hz. In this case the power generated would be P ~ 2 (3x3.18)4 - 
240 Watts. More power is being generated and the system has slowed down. 
Thus, the chance of over stroking or over speeding has been reduced. 

Now assume that the power electronics begins to draw 4 amps from the 
generator, and that this is at the limits of torque or force that the natural energy 
converter can extract from the environment. In this case, the speed will decrease 
significantly, for example to 1 Hz. The power generated would be P = 2 
(4x3,18)1 s=s 80 Watts. The actual power delivered may be even lower due to 
increased heating losses in the generator windings caused by the increased current 
flow. However, power is still being generated as the system motion is greatly 
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retarded. Further increases in the current drawn from the generator would 
increase the systems impedance mismatch with the energy environment to the 
point that the drive stops moving and energy can no longer be converted. When 
it is safe to allow the system to move again, for instance when a wave is at a peak 
or trough and no vertically moving energy is available, the impedance can be 
decreased to provide power generation during the ensuing up or down wave 
motion. The electrical load impedance can be changed very rapidly as compared 
to the speed of the mechanical parts of the system. 

The power generating or absorbing capacity of the generator md 
electronic circuits does not need to equal the power available to the natural 
energy converter during a storm. This would not be economical since the full 
power capacity would be used only rarely. The power capacity needs only to be 
sufficient to allow higher than optimum electric current to be drawn which 
increases the system impedance and hinders or essentially stops tlie energy 
converter from collecting natural power. 

^f^^ To p^^ide intelligent control of the over-stroke protection technology, a 
sensor (e.g., sftown as 80 in the drawing) is needed to detect the position of the 
stroking section Vf the energy converter. In the case of a rotary driven device 
such as a turbine, sensor that measures speed is needed, for a linearly driven 
device, e g,, an hydrWlic cylinder, a cylinder piston pivoting sensor is needed. 
Such sensors would normally be present in known power generating systems to 
provide operational infoWation and> for use with the present invention, the 
outputs from such sensor^re also communicated to the over-stroke controller. 
In a simple control sUategyXan over-stroke control computer 22 constantly 
monitors the stroke position or^ystem rotary speed and docs not take action 
unless the measured values exceed a pre-selected value. Wlien the stoke position 
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( or rotaA speed exceeds the pre-selected value, the over-stroke controller 
significandy increases the sys^tem impedance. If the next sen&or readings are still 
too high, tKe impedance is again increased. This procedure is repeated until the 
sensor readings are within the acceptable range. If the rotary speed or position 
does not increa^^, the over-stroke control returns to the monitoring nmode and the 
regular (known) psnver conversion circuit continues to operate the system. 

A somewhat more sophisticated strategy for linear motion over-stroke or 
over-speed control requires calculating the rate of increase of stroke speed or 
rotary speed. This does not require a sensor in addition to the aforementioned 
sensors because the difference between sequential readings taken in fixed time 
steps indicates whether the system is speeding up or not. This speed calculation 
combined with the absolute position or speed allows the over-stroke control to 
chose larger or smaller increments of impedance increase to effect a smoother 
and more efficient control strategy. For example, if the stroke is approaching the 
allowable stroke limit but is not moving too fast, and is slowing down, a small 
amount of impedance increase is applied. This keeps the generator operating in 
an efficient range, and brings the system to a smooth stop. However, in an 
extreme condition, when the stroke is approaching the allowable stroke limit at a 
high rate of speed, and the speed is increasing, a large amount of impedance 
increase is applied. Also, the speed sensor is quickly checked again and the 
impedance increased again if necessary. This situation will produce inefficient 
power generation for a short period, and an abrupt braking of the stroke motion. 
However, power is still generated and the stroke is prevented from mechanically 
hitting its end-stop and damaging the system, 

In the case of rotary motion and the use of the foregoing described more 
sophisticated control strategy, a larger impedance increase is added to the system 
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if the speed is increasing rapidly as it q)proaches the speed limit than is added if 
the speed is slowly increasing as it approached the speed limit. 

The described over-stroke/over-speed control approach does not cause 
undue wear on the system since excess energy is absorbed electrically and not 
mechanically. Also, it does not absorb all of the excess natural energy but rather 
causes the natural energy converter to become inefficient and to transfer only a 
small portion of the excess energy to the drive system* 
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